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Nuclear Decommissioning Projects and Programmes (NDPs) are characterized by high complexity and 
variety, and a time schedule that can take decades. Moreover, NDPs estimates at completion can reach 
billions of Euro and (for many of these projects) keep increasing, while there is a limited understanding of 
why this happens. To address this knowledge gap, this paper describes how to statistically test the 
association between the NDP characteristics and the NDP cost performance. The implementation of 
statistics on a pool of European NDPs highlights the significance of several country-specific and site-
specific characteristics (e.g. respectively, the governance system and the availability of facilities to deal 
with radioactive material on site). Hence, the original contribution of this paper consists in (i) the selection 
of statistical tests suitable for analysing small sample sizes (i.e. NDPs) and (ii) the presentation of the 
results from the implementation of these tests on a pool of 24 European NDPs with an illustrative purpose. 
 
Keywords 
Nuclear Decommissioning, Benchmarking, Statistical Analysis, FｷゲｴWヴげゲ E┝;Iデ TWゲデが B;ヴﾐ;ヴSげゲ TWゲデ 
 
Highlights 
 Nuclear decommissioning projects and programmes often suffer from cost overruns 
 There is a limited understanding of what causes these cost overruns 
 The association between project characteristics and performance needs investigation 
 This paper presents a quantitative approach to statistically test this association 
 Some country-specific and site-specific characteristics emerge as relevant results  
  
1 Introduction 
Until now, the nuclear sector and its stakeholders (industry, academia, policy maker etc.) have mostly 
focused on the design and construction of new nuclear infrastructure while, in comparison, the body of 
knowledge on decommissioning is more limited. Indeed, more than 500 Nuclear Power Plants (NPPs) have 
been built in the world, but only 16 NPPs have been fully decommissioned (OECD/NEA 2016). However, 
due to safety, security, economic, environmental, social and ethical reasons, in the near future, more and 
more nuclear facilities will need to be decommissioned, and a number of new challenges will arise. 
Decommissioning WﾐIﾗﾏヮ;ゲゲ ;ﾉﾉ デｴW さadministrative and technical actions taken to allow the removal of 
some or all the regulatory controls from a facility, except a repository which is closed and not 
decommissionedざ (IAEA 2017). Nuclear Decommissioning Projects and Programmes (NDPs) are therefore 
here intended as site-level projects and programmes undertaken to restore the site to new use.  
NDPs are characterized by extremely diverse inventories of radiological material, whose handling 
increases the project complexity and uncertainties. NDPs range from smaller projects like the 
decommissioning of Vandellós-1 NDP (in Spain), whose final costs of the work to reach dormancy in 2003 
was オ94.6million (IAEA 2011, p.55), to major national multibillion projects, like Sellafield NDP (in the UK). 
Indeed, “Wﾉﾉ;aｷWﾉS ;ﾉﾗﾐW ヴW;IｴWゲ ;ﾉﾏﾗゲデ グヱヲヰHﾐ ふオヱンヶHﾐぶが ｷくWく ﾏﾗヴW デｴ;ﾐ ΑヰХ ﾗa デｴW SWIﾗﾏﾏｷゲゲｷﾗﾐｷﾐｪ cost 
estimates of the whole UK nuclear legacy, which is estimated at £163bn (オ185bn) (NDA 2017b). 
Additionally, year after year, the estimates at completion for some of these NDPs keep increasing (see 
Table 2 in section 2.2), and there is only a limited understanding of why this happens. Consequently, there 
is a need to systematically investigate which are the NDP characteristics that mostly impact on the NDP 
cost performance.  
NDP characteristics encompass country-specific characteristics (such as the governance, the funding and 
the regulatory environment, etc.), site-specific characteristics (such as the age and the operational history 
of the nuclear facility, etc.) and management-related characteristics (such as scope definition and 
planning of the NDPs). For illustrative reasons, the NDP performance are assessed in this paper in terms 
of the NDP cost performance, however this approach can be applied to other project performance (such 
as time, safety, etc.). The NDP characteristics and the NDP performance are described in more detail in 
section 2.  
Until now, only limited research has investigated NDPs from the project management perspective, and 
the literature still lacks a systematic analysis to assess the association between NDP characteristics and 
NDP performance1. Therefore, this paper describes a methodology based on benchmarking to analyse 
NDPs, focusing on the selection and application of suitable statistical tests to address this knowledge gap.  
Indeed, benchmarking is ideal to compare actual or planned practices in order to identify best practices 
and generate ideas for improvement (PMBOK 2013), as it is a flexible approach that can address the 
alleged uniqueness of NDPs. Indeed, W┗Wヴ┞ ヮヴﾗﾃWIデ I;ﾐ HW ;ヴｪ┌WS デﾗ HW さuniqueざ (PMBOK 2013).  NDPs 
I;ﾐ HW ゲWWﾐ ;ゲ さﾏﾗヴW ┌ﾐｷケ┌Wざ デｴ;ﾐ ﾗデｴWヴ ヮヴﾗﾃWIデゲ due to their complexity and variety of their design, the 
legal requirements to decommissioning them, the stakeholders involved, etc. However, lessons from 
benchmarking NDPs can still be learned, but benchmarking needs to firstly be adapted to the context of 
NDPs (Invernizzi et al. 2018a).  
Indeed, in parallel with the growth of the decommissioning industry, the information available on 
decommissioning will also increase in the next decades. This information will be both qualitative and 
quantitative in nature, so there is a need to develop a robust methodology to guarantee a systematic 
analysis, in which both qualitative and quantitative data are used, and that lessons can be learned and re-
applied to seemingly unique projects. 
This aim of this paper is to present a systematic approach to test the association between the NDP 
characteristics and the NDP performance through statistics. Therefore, two statistical tests that are 
suitable for investigating NDPs (which consists of a small sample size) are selected and applied on 24 
European NDPs with an illustrative purpose.  
The remaining part of the paper proceeds as follows: section 2 reports the methodology based on 
benchmarking developed to investigate NDPs, detailing the process of selection of the statistical tests 
suitable for small sample sizes. Then, these statistical tests are applied on European NDPs; results are 
presented in section 3  and discussed in section 4; section 5 highlights the limitations of this analysis, while 
section 6 concludes the paper, paving the way for future research.   
                                                           
1 If statistical analysis is applied to test the “relationship” between categorical variables, the term “association” is used. 
2 Adapting Benchmarking to Nuclear Decommissioning 
 
Invernizzi et al. (2018a; 2017a) presented a selection of benchmarking studies both in the nuclear and 
non-ﾐ┌IﾉW;ヴ ゲWIデﾗヴが ｴｷｪｴﾉｷｪｴデｷﾐｪ デｴ;デ デｴW ﾏW;ﾐｷﾐｪ ﾗa デｴW デWヴﾏ さHWﾐIｴﾏ;ヴﾆｷﾐｪざ ｴ;ゲ HWWﾐ ┘ｷSWﾉ┞ SｷゲI┌ゲゲWS 
in the last decades, and that a number of different benchmarking processes are presented in the literature 
(e.g. see (Anand & Kodali 2008)). Invernizzi et al. (2018a; 2017a) also proposed a methodology based on 
benchmarking and tailored for NDPs, based on 5 steps: 
1. Research initiation, which refers to the gathering of information to understand the context in which 
the NDP progress;  
2. Data collection, which is a systematic recording of information on the NDPs;  
3. Operationalisation of the NDP characteristics and the NDP performance (i.e. respectively the 
independent and dependent variables of this analysis). This consists of creation of a systematic list of 
the NDP characteristics that impact on the NDP performance, and their codification into non-arbitrary 
constructs; 
4. Implementation, which refers to the ;Iデ┌;ﾉ さヮヴﾗHﾉWﾏ ゲﾗﾉ┗ｷﾐｪざが ;ﾐS ｷデ is split into two stages: 
4.1. Cross-comparison of NDPs 
4.2. Statistical analysis implemented on NDPs 
5. Validation and dissemination, which provides confirmation of the findings and enables sharing both 
the methodological and practical learnings, which will be further developed in future work.  
Step 4.2, i.e. the statistical analysis, is a fundamental part of this research, as it highlights potential 
association between the NDP characteristics and the NDP performance. This paper focuses on step 4.2. 
The choice and implementation of the statistical analysis is grounded on previous research (Locatelli, 
Mikic, et al. 2017; Locatelli, Invernizzi, et al. 2017; Brookes & Locatelli 2015), which this paper develops 
both in terms of the selection of the statistical tests and their application on NDPs. 
The five steps of the methodology based on benchmarking and described above, the selection of the 
B;ヴﾐ;ヴSげゲ デWゲデ ;ﾉﾗﾐｪゲｷSW デｴW FｷゲｴWヴげゲ exact test, and their implementation on NDPs are described in detail 
in the next sections.  
2.1 Research Initiation 
 
The research initiation is the first step to benchmark NDPs, and includes a scrutiny of the information 
available on NDPs, early scoping interviews with experts and site visits (section 2.1.1), as well as the 
selection of suitable statistical tests to be implemented (section 2.1.2). This lays the foundation for a 
sound understanding of the context in which NDPs progress, sets the boundaries of the research and 
enables a systematic collection of information. 
 
2.1.1 Exploration of the Literature and Collection of Primary Data 
The exploration of the literature showed the limited attention posed by academics on the infrastructure 
end-of-life and management of NDPs. Conversely, publications by international organizations, such as the 
International Atomic Energy Agency (IAEA/OCED-NEA 2017; IAEA 2011), the OECD/Nuclear Energy Agency 
(OECD/NEA 2016; OECD/NEA 2015; OECD/NEA 2012) and the European Commission (EU 2015) on this 
topic have recently flourished. These publications are some of the most relevant sources of information 
used to understand the NDPs context and collect the NDP characteristics that are recognized to have an 
impact on the NDP performance. Relevant publications reviewed for this research also include:  
 The European Court of Auditors reports (2016; 2011), which discuss the progress of the 
decommissioning in Lithuania, Bulgaria and Slovakia, stressing (among others NDP characteristics) 
the consequences of not having a storage facility available; 
 the Öko-Institut report (2013), which compares French NDPs by EDF, the Sellafield/NDA case and 
Greisfwald NDP in Germany; 
 The reports by the UK National Audit Office (NAO 2018; NAO 2015; NAO 2012), which describe 
major projects in Sellafield and the technical and organizational issues that they are facing, as well 
as contractual challenges concerning the governance of the Magnox NDPs (NAO 2017). 
 Laraiaげゲ Hﾗﾗﾆ (2012), which describes several aspects of nuclear decommissioning, ranging from 
technical to managerial ones, even providing a list of empirical cases;  
 The paper by Torp & Klakegg (2016), that explains the challenges in cost estimation under 
uncertainty in the context of nuclear decommissioning; 
 The paper by Invernizzi et al. (2017), where a  cross-comparison between two NDPs, i.e. Rocky Flats 
(US) and Sellafield (UK) was performed; 
These publications allowed to build a preliminary list of NDP characteristics that impact on the NDP 
performance. Nevertheless, none of these publications statistically tests the association between the NDP 
characteristics and the NDP performance.  
To complement the information gathered from the literature, primary data were also collected, and a 
questionnaire based on the publications listed above and preliminary scoping interviews was prepared. 
The questionnaire contained one open question (i.e.: さin your opinion, which NDP characteristics mostly 
impact on the NDP performance, in terms ﾗa Iﾗゲデ ;ﾐS デｷﾏWいざぶ and 29 closed questions. The complete list 
of NDP characteristics collected both through secondary and primary data are presented in the appendix 
in Table 4, Table 5 and Table 6, while Table 3 in section 3 summarizes the results. 
Table 4, Table 5 and Table 6 respectively list the country-specific, site-specific and management-related 
NDP characteristics that have been highlighted by the respondent either in the first (and only) open 
question of the questionnaire (data collection に A), and that have been discussed during the interviews, 
as included in the closed questions of the questionnaire (data collection に B). 
Interviewees were chosen primarily according to their experience of at least one of the NDPs of Table 2, 
and at least one person with experience of one of the NDPs was interviewed. In total, 35 semi-structured 
interviews with NDP experts were performed. The interviewees covered the following countries: UK, 
France, Italy, Spain, Germany, Lithuania, Bulgaria, Slovakia, Sweden, Finland, Switzerland and the 
Netherlands. More than 80% of the interviewees had more than 10 ┞W;ヴゲげ W┝ヮWヴｷWﾐIW ｷﾐ デｴW nuclear 
decommissioning industry. The collection of primary data was fundamental to make explicit the recent, 
さデ;Iｷデ ﾆﾐﾗ┘ﾉWSｪWざ gained on-field by practitioners. 
The list of NDP characteristics was used to describe NDPs systematically. To do this, the NDP 
characteristics were operationalized into binary, categorical variables. So, for example, for the NDP 
Iｴ;ヴ;IデWヴｷゲデｷI さTｴWヴW ｷゲ ;n ILW ゲデﾗヴ;ｪW ;┗;ｷﾉ;HﾉW ﾗﾐ ゲｷデWざ, the binary answer Yes/No was used to 
differentiate NDPs that have a ILW storage available on site, from the ones that did not. Similarly, the NDP 
performance were operationalized into binary, categorical variables, as explained in section 2.2. First of 
all, however, the statistical tests suitable to investigate small sample sizes and categorical variables need 
to be selected. This is described in section 2.1.2. 
 
2.1.2 Selection of Statistical Tests Suitable for Small Sample Size  
 
The selection of statistical tests that are suitable to be implemented on small sample sizes, which is the 
case of NDPs, is fundamental. TｴW FｷゲｴWヴげゲ W┝;Iデ test is appropriate to test the association between 
variables in the context of nuclear decommissioning (Invernizzi, et al. 2017a). 
ThW FｷゲｴWヴげゲ exact test uses binary categorical data in the form of contingency tables as input, i.e. tables 
showing the distribution of one variable in the rows and the other in the columns, as illustrated by a 
generic contingency table in Table 1. The table reports the number of cases belonging to each of the four 
cells. ThW FｷゲｴWヴげゲ exact test is then able to identify whether a single NDP characteristic (i.e. an 
さｷﾐSWヮWﾐSWﾐデ ┗;ヴｷ;HﾉWざぶ presents an association (or not) with デｴW NDP ヮWヴaﾗヴﾏ;ﾐIW ふｷくWく デｴW さSWヮWﾐSWﾐデ 
┗;ヴｷ;HﾉWざぶが ┘ｴｷIｴ in this paper consists of (the loosely termed) さNDP cost overrunsざ.   
 
Contingency Table 
NDP Performance (i.e. is the 
project within 10% cost overruns? 
Yes No 
NDP Characteristic (e.g. is 
the NDP in the UK?) 
Yes a c 
No b d 
Table 1. Example of a 2×2 contingency table 
 
TｴW FｷゲｴWヴげゲ W┝;Iデ デest is suitable to be applied to the context of NDPs since (Leach 1979; Freeman & 
Campbell 2007):  
 It investigates the association between variables in the presence of a small data sets (<30 cases), 
which is the case of NDPs; 
 It uses categorical binary data in the form of a contingency table, which is a way to be more objective 
in the operationalization of independent variables;  
 It is a non-parametrical statistical significance test, i.e. it does not require assumptions about 
distributions (in particular, no normality is assumed);  
 It is an exact test, i.e. the probability of an association existing between the variables can be calculated 
exactly. 
Moreover, Kroonenberg & Verbeek (2017) recently quoted the specific recommendation for 2×2 tables by 
(Cochran 1952, p.334) and (Cochran 1954, p.420), explainingぎ さUse Fisher's exact test (i) if the total N of 
the table < 20, (ii) if 20 < N < 40 and the smallest expectation is less than 5. [..]. If N > 40 use ぬ 2, corrected 
aﾗヴ Iﾗﾐデｷﾐ┌ｷデ┞ざ. Additionally, McDonald (2014, p.77) stated that the さFｷゲｴWヴげゲ W┝;Iデ デWゲデ ｷゲ ﾏﾗヴW ;II┌ヴ;デW 
than the chi-square test or Gにtest of independence when the expected numbers are small. I recommend 
┞ﾗ┌ ┌ゲW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ┘ｴWﾐ デｴW デﾗデ;ﾉ ゲ;ﾏヮﾉW ゲｷ┣W ｷゲ ﾉWゲゲ デｴ;ﾐ ヱヰヰヰざく Iﾐ ヱΓΓヵが Martin (1995) already 
ヮﾗｷﾐデWS ﾗ┌デ ｴﾗ┘ デｴW FｷゲｴWヴげゲ W┝;Iデ デWst is simple to compute, available in almost all statistical packages, 
and it is valid from the unconditional point of view (Martin 1995, p.590). These are some of the main 
ヴW;ゲﾗﾐゲ ┘ｴ┞ デｴW FｷゲｴWヴげゲ exact test has been traditionally used to test the relationship between two 
variables when dealing with small sample sizes. 
NonethWﾉWゲゲが デｴW FｷゲｴWヴげゲ W┝;Iデ デest has also been often criticized for being too conservative (Routledge 
1992; Hasselblad & Lokhnygina 2007; Lydersen et al. 2009), and other tests have been suggested by the 
literature to overcome this drawback. Hasselblad & Lokhnygina (2007) compare five tests for 2×2 tables 
in clinical trials, among which are デｴW FｷゲｴWヴげゲ exact test and デｴW B;ヴﾐ;ヴSげゲ Test. These two tests are both 
suitable for small sample sizes, and their difference lays on デｴW a;Iデ デｴ;デ デｴW FｷゲｴWヴげゲ exact test is a 
IﾗﾐSｷデｷﾗﾐ;ﾉ デWゲデが ┘ｴｷﾉW B;ヴﾐ;ヴSげゲ test is an unconditional test.  
Conditional tests assume that the marginal of the rows and columns (i.e. the row and columns totals) are 
aｷ┝WS ふﾗヴ さIﾗﾐSｷデｷﾗﾐWSざぶ, while in unconditional experiments, none of the row or column totals are pre-
specified by the experimenter (Ruxton & Neuhäuser 2010, p.1508). For example, if the researcher decides 
to explore the potential association between sex of some birds and their willingness to try a novel food 
type, and he/she selects ten female birds and ten male birds, and introduces them into an experimental 
arena in which there is a novel food type, and the experiment is stopped after ten birds have consumed 
the food, both the total numbers of male and females and the total numbers of feeders and non-feeders 
have been fixed beforehand. So this is a (doubly) conditioned experiment (Ruxton & Neuhäuser 2010, 
p.1508). Interestingly, a major part of the discussion about 2×2 tables is concerned with which approach, 
i.e. the conditional or the unconditional one, is the most suitable one (Andres 2006) and there is still great 
Iﾗﾐデヴﾗ┗Wヴゲ┞ ;ゲ デﾗ ┘ｴWデｴWヴ FｷゲｴWヴげゲ W┝;Iデ デWゲデ ｷゲ WaaWIデｷ┗W ┘ｴWﾐ ;ヮヮﾉｷWS デﾗ ﾐﾗﾐ-conditional situations 
(Ruxton & Neuhäuser 2010).  
Martín Andrés et al. (2015) explain that conditional exact tests are well known to be more conservative 
;ﾐS ﾉWゲゲ ヮﾗ┘Wヴa┌ﾉ デｴ;ﾐ ┌ﾐIﾗﾐSｷデｷﾗﾐ;ﾉ ﾗﾐWゲ さbecause the loss of information as a result of conditioning 
may be as high as 26%  (Zhu & Reid 1994)ざ (Martín Andrés et al. 2015, p.1). AﾐSヴWゲ ;S┗ﾗI;デWゲ デｴW B;ヴﾐ;ヴSげゲ 
デWゲデ ;ゲ デｴW ヮヴｷﾐIｷヮ;ﾉ ;ﾉデWヴﾐ;デｷ┗W aﾗヴ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ (Andres 2006, p.4) as well. However, this author 
also underlines that  さデｴW SｷaaWヴWﾐIWゲ HWデ┘WWﾐ デｴW デ┘ﾗ ﾏWデｴﾗSﾗﾉﾗｪｷWゲ ;ヴW ｪヴW;デﾉ┞ SｷﾏｷﾐｷゲｴWS aﾗヴ ゲｷ┣Wゲ 
;Hﾗ┗W ヵヰが ;ﾐS W┗Wﾐ ﾏﾗヴW ゲﾗ ｷﾐ IﾗﾐデｷﾐｪWﾐI┞ デ;HﾉWゲ ﾗa ﾗヴSWヴ ｴｷｪｴWヴ デｴ;ﾐ ヲ ┝ ヲざ (Andres 2006, p.1). Mehta & 
Senchaudhuri (2003) compare Fisher and Barnard, explaining more in detail the difference between the 
two tests. 
Tヴ;Sｷデｷﾗﾐ;ﾉﾉ┞が デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ｴ;ゲ HWWﾐ ┌ゲWS ﾏﾗヴW ﾗaデWﾐ デｴ;ﾐ デｴW B;ヴﾐ;ヴSげゲ TWゲデが the latter one being 
only recently employed in the area of medical research: for example, Shan et al. (2013) and Behrends et 
al. (2012) presented the results from the implementation ﾗa デｴW B;ヴﾐ;ヴSげゲ デWゲデ ｷﾐ デｴW ﾏWSｷIal field, while 
Proschan et al. (2016) applied both statistical tests on a research on the Ebola virus.  
The recent interest in デｴW B;ヴﾐ;ヴSげゲ test is probably due to the fact that, in its earlier development, the 
B;ヴﾐ;ヴSげゲ test was computationally too heavy. Indeed, in 2009, Lydersen et al (2009, p.1159) explained 
ｴﾗ┘  さunconditional tests preserve the significance level and generally are more powerf┌ﾉ デｴ;ﾐ FｷゲｴWヴげゲ 
exact test for moderate to small samples, but previously were disadvantaged by being computationally 
demanding. This disadvantage is now moot, as software to facilitate unconditional tests has been available 
for years ぷぐへざく These authors also stated that, at the time of writing (i.e. 2008-2009), they were not aware 
ﾗa デｴW B;ヴﾐ;ヴSげゲ デWゲデ HWｷﾐｪ ｷﾐIﾉ┌SWS ｷﾐ ;ﾐ┞ ;┗;ｷﾉ;HﾉW ゲﾗaデ┘;ヴW (Lydersen et al. 2009, p.1166). Conversely, 
ﾐﾗ┘;S;┞ゲ B;ヴﾐ;ヴSげゲ test can be performed both with R (Tal 2010) and Matlab (Cardillo 2010). For these 
reasons, デｴW B;ヴﾐ;ヴSげゲ test is also deemed to be suitable to be applied in the context of NDPs.  
In summary, drawing from previous research and the considerations mentioned above, as well as aiming 
to provide the reader with the most complete and transparent results, while still being aware of the 
limitations of the sample size of 24 NDPs and the quality of the input data, results of both the 
implementation ﾗa デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS デｴW B;ヴﾐ;ヴSげゲ test are presented. This choice also derives 
from: 
 the understanding ;ﾐS ;ｪヴWWﾏWﾐデ ┘ｷデｴ MIDﾗﾐ;ﾉSげゲ IﾗﾐIWヴﾐゲ (2014)が ┘ｴﾗ ┘ヴｷデWゲ さIf ┞ﾗ┌ヴ S;デ; ┘WヴWﾐげデ 
significant ┘ｷデｴ FｷゲｴWヴげゲ H┌デ ┘WヴW ゲｷｪﾐｷaｷI;ﾐデ ┘ｷデｴ ┞ﾗ┌ヴ a;ﾐI┞ ;ﾉデWヴﾐ;デｷ┗W デWゲデが デｴW┞ ┘ﾗ┌ﾉS ゲ┌ゲヮWIデ デｴ;デ 
you fished around until you found a test that gave you the result you wanted, which would be highly 
evil. Even though you may have re;ﾉﾉ┞ SWIｷSWS ﾗﾐ デｴW ﾗHゲI┌ヴW デWゲデ ;ｴW;S ﾗa デｷﾏWが ┞ﾗ┌ Sﾗﾐげデ ┘;ﾐデ 
I┞ﾐｷI;ﾉ ヮWﾗヮﾉW デﾗ デｴｷﾐﾆ ┞ﾗ┌げヴW W┗ｷﾉが ゲﾗ ゲデｷIﾆ ┘ｷデｴ FｷゲｴWヴげゲ W┝;Iデ デWゲデざ (McDonald 2014, p.80); 
 having read the work by Camilli (1990), who compares different tests for 2×2 contingency tables, 
showing that デｴW B;ヴﾐ;ヴSげゲ デWゲデ ｷゲ デｴWﾗヴWデｷI;ﾉﾉ┞ ゲ┌ヮWヴｷﾗヴが H┌デ デｴW FｷゲｴWヴげゲ exact test is still advocated 
;ゲ さデｴW ﾏﾗゲデ ヴ;デｷﾗﾐ;ﾉ IｴﾗｷIWざ and さデｴW ﾏﾗゲデ SWaWﾐゲｷHﾉW ゲデ;デｷゲデｷI;ﾉ デWゲデ ;┗;ｷﾉ;HﾉWざ (Camilli 1990, p.135); 
but also 
 acknowledging the work of Martin et al. (2004)が ┘ｴｷIｴ IﾗﾐIﾉ┌SWゲ デｴ;デ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ さI;ﾐ HW 
┌ゲWS ;ゲ ;ﾐ ;ヮヮヴﾗ┝ｷﾏ;デｷﾗﾐ デﾗ B;ヴﾐ;ヴSげゲ W┝;Iデ デWゲデ aﾗヴ ; デ;HﾉW ┘ｷデｴ ヰ ﾗヴ ヱ aｷ┝WS ﾏ;ヴｪｷﾐ;ﾉゲが ┘ｴWﾐ デｴW 
ゲ;ﾏヮﾉW ゲｷ┣W ｷゲ бЭ ヱヰヰ ﾗヴ ┘ｴWﾐ デｴW ゲﾏ;ﾉﾉWヴ ゲ;ﾏヮﾉW ゲｷ┣W ｷゲ бЭ Βヰが ヴWゲヮWIデｷ┗Wﾉ┞ ぷぐへざ(Martin et al. 2004, 
p.745).  
Therefore, the ﾗ┌デヮ┌デ ﾗa Hﾗデｴ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS デｴW B;ヴﾐ;ヴSげゲ test is a p-value, which represents 
how likely it is that the results detected by the implementation of this statistical analysis could have 
resulted from chance rather than due to a actual association between the variables in question.  
In this respect, the smaller the p-value, the more significant are the results. Since this paper investigates 
the NDP cost performance, drawing from (Ruxton & Neuhäuser 2010), the one-sided p-value is reported. 
Consistently with the literature, the results from the implementation of デｴW B;ヴﾐ;ヴSげゲ test show lower p-
values than the ones from the implementation ﾗa デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ (see section 3). This is thought-
ヮヴﾗ┗ﾗﾆｷﾐｪが ;ﾐS I;ﾐ デヴｷｪｪWヴ デｴW SｷゲI┌ゲゲｷﾗﾐ IﾗﾐIWヴﾐｷﾐｪ ┘ｴ;デ ｷゲ デｴW さヴｷｪｴデざ デｴヴWゲｴﾗﾉS デﾗ SWaｷﾐW デｴW 
significance of the result (a plea that has been often made, but only rarely heard). The significance 
threshold for p-values can vary. In this paper, consistently with (Brookes & Locatelli 2015; locatelli et al. 2017; 
Locatelli, Mikic, et al. 2017), and following the considerations of Camilli (1990), who envisages to report significance 
ﾉW┗Wﾉゲ ﾗﾐﾉ┞が ヴ;デｴWヴ デｴ;デ デｴW SｷIｴﾗデﾗﾏﾗ┌ゲ SWIｷゲｷﾗﾐ ﾗa WｷデｴWヴ さゲｷｪﾐｷaｷI;ﾐデざ ﾗヴ さﾐﾗﾐ-significant, the authors present 
the results from the implementation ﾗa デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS デｴW B;ヴﾐ;ヴSげゲ デWゲデ with a p-value lower 




2.2 Data Collection based on the NDP Cost Performance  
 
As mentioned in section 1, the units of analysis are European NDPs, intended as site-level projects, i.e. 
さone nuclear site undergoing decommissioningざ is referred to as さone NDPざ. In the effort of collecting 
information on the maximum number of European NDPs undergoing decommissioning, publications in 
English, French, German and Italian were reviewed. The NDPs initially selected after this review are 
reported in Table 2, which collects and lists the publicly available information on the development of the 
estimates at completion of NDP. All the cost data refer デﾗ Wゲデｷﾏ;デWゲ ;デ IﾗﾏヮﾉWデｷﾗﾐ ふｷくWく さthe expected total 
cost of completing all work expressed as the sum of the actual cost to date and the estimate to completeざ, 
as defined by the Project Management Body of Knowledge (PMBOK 2013, p. 539)), let alone the one 
referring to Vandellós-ヱ NDP ふｷﾐ “ヮ;ｷﾐぶが ┘ｴﾗゲW さaｷﾐ;ﾉ Iﾗゲデ ﾗa ┘ﾗヴﾆざ ｷゲ ヴWヮﾗヴデWS H┞ デｴW (IAEA 2011, p.55). 
During the collection process, it emerged that: 
 All the NDPs in Table 2 were nuclear facilities that produced electricity, let alone Harwell NDP, that 
was nevertheless included in the pool of selected NDPs because (i) of the availability of data and (ii) 
it is coupled with Winfrith NDPs (which also included one reactor producing electricity), as both 
Harwell and Winfrith were managed together by Research Site restoration Ltd, and earlier estimates 
are provided in conjunction; 
 In the UK, the Nuclear Decommissioning Authority yearly publishes the cost estimates of the UK 
nuclear legacy. As mentioned in section 1, Sellafield NDP stands out as a complete outlier, being 
“Wﾉﾉ;aｷWﾉSげゲ decommissioning estimates more than 70% than the UK overall. Therefore, Sellafield is not 
considered in the current analysis (see the last column on the right of Table 2); 
 Greifswald is the only German NDPs selected and listed in Table 2, as in Germany the utilities are the 
reactor owners and there is only scattered information publically available about the development of 
decommissioning cost estimates in time. Some updates from the German approach to 
decommissioning are available on the World Nuclear Association Website (WNA 2018), but cost 
information are very limited. 
 There is no recent public information on the estimate at completion of the Italian NDPs. The latest 
information regarding the estimate at completion of the four Italian cases come from local news, in 
the years 2012- 2013. Therefore, because of the unreliability and date of reference of these data, it 
was deemed inappropriate to include the italian NDPs in the statistical analysis. 
The last column on the right of Table 2 highlights which are the NDPs that have been ultimately selected 
for the current analysis.  
In summary, in the effort to generate evidence as well as to guarantee the maximum possible reliability 
of the results with the limited data and limited quality of the information available, 24 European NDPs 


















2016 discounted nuclear 
provisions [£million] 
(NDA 2016) 
2016/17 decommissioning & 
clean-up costs from the 
discounted lifetime plan 
(NDA 2017a) 
Is this NDP included 
in the statistical 
analysis? 
Berkeley 360 589 1,658 Yes 
Bradwell 506 210 1,736 Yes 
Chapelcross 527 664 2,852 Yes 
Dounreay 2,091 2,394 2,697 Yes 
Dungeness A 504 525 2,035 Yes 
Harwell and Winfrith 1,103 1,174 855 Yes 
Hinkley Point A 543 651 2,102 Yes 
Hunterston A 482 600 2,044 Yes 
Oldbury 444 873 2,072 Yes 
Sellafield 17,831 53,200 119,930 No 
Sizewell A 354 709 1,982 Yes 
Trawsfynydd 413 288 1,859 Yes 









Progress of the Decommissioning:  on time and within the budget (IAEA 2016), 


















Chinon A 694,7 810,0 930,3 Yes 
St. Laurent  822,1 803,0 997,6 Yes 
Bugey - 1 348,4 412,0 585,9 Yes 
Brennilis 254,0 373,0 458,6 Yes 
Chooz A 245,1 220,0 344,4 Yes 
Super-Phoenix  
(Creys-Malville) 








[€million] (EWN 2011) 
(Wuppertal Institute 2007) 
Rückbau-Monitoring 2015 
[€million] (Wealer et al. 2015) - 






















(European Court of 
Auditors 2011; 2016) 
Estimate 2011 
[€million] 
(European Court of 
Auditors 2011;  2016) 
Estimate 2015 
[€million] 
(European Court of Auditors 
2016) 
- 
Kozloduy 1-4 (Bulgaria) 1,118 1,243 1,107 Yes 
Ignalina (Lithuania) 2,019 2,930 3,376 Yes 




Italian NDPs Estimates “till deactivation” [€million] 
Estimate at completion 
[€million] 
- 
Enrico Fermi - Trino 291 (SOGIN 2003) 234 (iBasilicata 2012) No 
Caorso 568 (SOGIN 2003) 240 (ANSA 2013) No 
Latina 615 (SOGIN 2003) 704 (LatinaNotizie 2012) No 
Garigliano 311 (SOGIN 2003) 360 (LatinaNotizie 2012) No 
Table 2. Input costs data in UK, Spain, France, Germany, Bulgaria, Lithuania, Slovakia, and Italy 
  
2.3 Operationalisation of the NDP Characteristics and the NDP Performance  
The NDP characteristics collected through the literature review and the semi-structured interviews, as 
well as the NDP performance in terms of さcost overrunsざ, are categorical variables that need to be 
operationalized into binary constructs to allow the implementation of both the FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS the 
B;ヴﾐ;ヴSげゲ test. The operationalization of these variables, that consists in coding real data (quantitative, 
ケ┌;ﾉｷデ;デｷ┗Wが IﾗﾏヮﾉW┝ ;ﾐS ┌ﾐIWヴデ;ｷﾐぶ ｷﾐデﾗ さaﾗヴﾏ;ﾉｷゲWS Iﾗﾐゲデヴ┌Iデゲざ ふ;ゲ SWaｷﾐWS H┞ Lee and Lings (2008)) to 
describe NDPs through a list of binary categorical variable (i.e. boht the NDP caracteristics and the NDP 
performance), is challenging. In fact, characteristcs such as the location and physical characteristics of the 
NDP I;ﾐ HW ﾗヮWヴ;デｷﾗﾐ;ﾉｷ┣WS ｷﾐデﾗ Iﾗﾐゲデヴ┌Iデゲ ｷﾐ ; さﾐﾗﾐ-;ヴHｷデヴ;ヴ┞ ┘;┞ざ デｴヴﾗ┌ｪｴ IﾗﾐIヴWデW ﾗHﾃWIデゲ ;ﾐS 
attributes (as explained by Rossiter (2002)), while other characteristics, such as さthe stakeholders' 
engagementざ, consists of a mix of qualitative and quantitative information.  
For example, in the attempt to operationalize the ゲデ;ﾆWｴﾗﾉSWヴゲげ Wﾐｪ;ｪWﾏWﾐデ, it will result extremely hard 
to answer the question: さwas the local community surrounding the NDP engaged early and timelyいざ with 
either ; さYWゲざ ﾗヴ ; さNﾗざく In fact: wｴ;デ SﾗWゲ さﾉﾗI;ﾉ Iﾗﾏﾏ┌ﾐｷデ┞ざ W┝;Iデﾉ┞ ﾏW;ﾐい Wｴ;デ ｷゲ デｴW ﾏW;ﾐｷﾐｪ ﾗa 
さWﾐｪ;ｪWﾏWﾐデざい Wｴ;デ SﾗWゲ さW;ヴﾉ┞ ;ﾐS デｷﾏWﾉ┞ざ ヴWaWヴ to? To what extent the response of the local 
community デﾗ デｴｷゲ さWﾐｪ;ｪWﾏWﾐデざ was actually considered during the development of the NDPs? These 
are only some of the questions that arose when trying to investigate NDPs social aspects. This is to 
exemplify the reasons why some NDP characteristics cannot be operationalized. Social aspects, however, 
have been SｷゲI┌ゲゲWS ;デ ; さﾏ;Iヴﾗ-ﾉW┗Wﾉざ ｷﾐ (Invernizzi et al. 2017b) ;ﾐS ;デ ; さﾏｷIヴﾗ-ﾉW┗Wﾉざ ｷﾐ (Invernizzi et 
al. 2018d).  
Hence, not all the NDP characteristics that impact on the cost overruns either according to the literature 
or the interviewees (or both) have been operationalized in a binary way, and are therefore not tested 
through statistical analysis. The complete list of NDP characteristics that emerged from the literature 
and/or in the semi-structured interviews is discussed in (Invernizzi et al. 2018b) and presented in Table 4, 
Table 5 and Table 6, together with comments on their operationalization.  
The NDP performance is assessed in terms of cost overruns, which should ideally be rigorously calculated 
as discussed and described by Invernizzi et al. (2017c). To calculate the cost overruns, drawing from 
Thompson (2009), デｴW W;ヴﾉｷWヴ ふさｷﾐｷデｷ;ﾉざぶ Wゲデｷﾏ;デWゲ are adjusted for the yearly inflation measured by the 
consumer price index (that can be found in the OECD official website (OECD 2017)). The yearly inflation 
of Bulgaria comes from the World Bank official website (The World Bank 2018) as it is not available in the 
OECD official website.  
Costs are firstly expressed in costs in 2015 currency, i.e. they are actualized using Eq 1, where 系痛 is the 
time when the estimation are defined (see Table 2) and 系痛袋怠 is the costs actualized using the annual 
inflation 餐嗣袋層, iterated until all costs refer to 2015. Cost overruns are then calculated as in Eq 2, where C奪樽辰 refers to the latest estimates and C辿樽辿担辿叩狸 refers to earlier estimates. Regarding the UK, data from 
2006 and 2016 are the ones taken into account as ヴWゲヮWIデｷ┗Wﾉ┞ デｴW さｷﾐｷデｷ;ﾉざ NDP Wゲデｷﾏ;デWゲ ;デ IﾗﾏヮﾉWデｷﾗﾐ 
(C辿樽辿担辿叩狸ぶ ;ﾐS デｴW さﾉ;デWゲデざ NDP Wゲデｷﾏ;デW ;デ IﾗﾏヮﾉWデｷﾗﾐ ふC奪樽辰). UK data from 2016/17 have not been used 
since the denomination of the costs presented in these reports Iｴ;ﾐｪWS aヴﾗﾏ さﾐ┌IﾉW;ヴ ヮヴﾗ┗ｷゲｷﾗﾐざ デﾗ 
さSWIﾗﾏﾏｷゲゲｷﾗﾐｷﾐｪ ;ﾐS IﾉW;ﾐ-┌ヮ Iﾗゲデゲざが ┘ｴｷIｴ ｷﾏヮﾉｷWゲ ; possible change of scope in the decommissioning 
activities that would make the data not comparable. 
 
Eq 1.  察嗣袋層 噺 察嗣 茅 岫層 髪 餐嗣袋層岻 
 
 
Eq 2. Cost Overruns [%] = 
察蚕仔纂岷算四司司蚕仔算姿峅 貸 察餐仔餐嗣餐珊残岷算四司司蚕仔算姿峅察餐仔餐嗣餐珊残岷算四司司蚕仔算姿峅  
 
 
Figure 1 plots the NDP cost overruns against their latest estimates at completion, showing that there is 
no evident correlation between their estimates and their cost overruns. Cost overruns range from -67% 
to +60% and estimates range from the オΓヴくヶ ﾏｷﾉﾉｷﾗﾐ ﾗa V;ﾐSWﾉﾉﾙゲ-1 (Spain) to the オヴHｷﾉﾉｷﾗﾐ ﾗa GヴWｷaゲ┘;ﾉS 
(Germany). As there is limited agreement on what is the threshold after which a project should be 
considered affected by cost overruns (e.g. does cost overruns occur when final costs are 2% higher than 
the initial estimates? Or 10% higher? Or 50% higher?), NDPs are grouped according to their cost overruns, 
following the literature. More specifically, NDPs are grouped using the following arbitrary threshold, i.e. 
if there is no cost overrruns, if their cost overrun is within 10%, as in (Brookes & Locatelli 2015),  within 
25%, as in (Merrow 2011), and within 50%, because Figure 1 shows a considerable gap between Bugey 
NDP, compared to Brennilis NDP and Iganlina NDP.  
 
After both the NDP characteristics and the NDP performance are coded into binary variables, each NDP 
characteristic is tested against the NDP performance. For each NDP characteristic, a contingency table 
(like Table 1 in section 2.1) is builtが ;ﾐS Hﾗデｴ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS デｴW B;ヴﾐ;ヴSげゲ test are applied. The 
results from this implementation are in section 3. 
 
 
Figure 1. NDPs Cost Overruns [%] vs NDPs Latest Estimates at Completion [€ million] 
 
  
3 Results of the Statistical Analysis 
Table 3 lists the p-values that result aヴﾗﾏ デｴW ｷﾏヮﾉWﾏWﾐデ;デｷﾗﾐ ﾗa デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS デｴW B;ヴﾐ;ヴSげゲ 
test, and that are lower than 10%. Several considerations can be drawn from these results.  
The first consideration is that of the ~80 independent variables (i.e. the NDP characteristics) that have 
been collected, operationalized, clustered, summarised and tested against the dependent ┗;ヴｷ;HﾉW さNDP 
Iﾗゲデ ﾗ┗Wヴヴ┌ﾐゲざ ┌ゲｷﾐｪ aﾗ┌ヴ SｷaaWヴWﾐデ デｴヴWゲｴﾗﾉSゲが ﾗﾐﾉ┞  ヱΑ NDP Iｴ;ヴ;IデWヴｷゲデｷIゲ ゲｴﾗ┘ ; ヮ-value lower than 
ヱヰХ  ;IIﾗヴSｷﾐｪ WｷデｴWヴ デﾗ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデが デｴW B;ヴﾐ;ヴSげゲ デWゲデ ﾗヴ Hﾗデｴく Tｴｷゲ ﾏW;ﾐゲ デｴ;デ aﾗヴ W;Iｴ ﾗa 
these 17 NDP characteristics, it is not possible to hypothesise that there is no association between each 
single NDP characteristic and the NDP performance assessed in terms of cost overruns. In other terms, 
the implementation of these statistical tests provides means to highlight the NDP characteristics that 
present a possible association with the NDP performance.  
The second consideration consists in the fact that, as expected and explained in section 2.1, the p-values 
aヴﾗﾏ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ are usually higher than the ones calculated using デｴW B;ヴﾐ;ヴSげゲ デWゲデく Tｴｷゲ ｷゲ 
caused by the fact that FｷゲｴWヴげゲ W┝;Iデ デWゲデゲ ｷゲ generally more conservative. Therefore, it is possible to 
underline (once again) that the choice of the statistical tests to implement is fundamental, and has to be 
clearly and transparently presented. Indeed, as in the example of this paper, some NDP characteristics 
have a p-value lower than 10% only ;IIﾗヴSｷﾐｪ デﾗ デｴW B;ヴﾐ;ヴSげゲ デWゲデ ;ﾐS ┘ﾗ┌ﾉS ﾐﾗデ ｴ;┗W WﾏWヴｪWS ｷa ﾗﾐﾉ┞ 
デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ┘;ゲ ｷﾏヮﾉWﾏWﾐデWSく This is for exaﾏヮﾉW デｴW I;ゲW ﾗa デｴW ┗;ヴｷ;HﾉW さゲtable funding is 
guaranteed until the end of デｴW NDPざ ;ﾐS さデhere is a けH┌aaWヴ ┣ﾗﾐWげ ;┗;ｷﾉ;HﾉW ﾗﾐ ゲｷデWざ, which emerge from 
デｴW B;ヴﾐ;ヴSげゲ デWゲデ. In this situation, probably even more than in others, it is necessary that the knowledge 
of the researchers comes into play to discuss more in-depth the meaning of the lower p-values, as well as 
the actual relevance of the operationalized NDP characteristics. Similarly, it is important to underline that 
the absence of an association does not mean that the corresponding NDP characteristic is not relevant, 
but simply that this association does not emerge from the implementation of the statistical tests on the 
specific sample of European NDPs that have been selected, and/or that the information available for the 
operationalization were not sufficient to highlight an association. In other terms, it is not possible to reach 
any conclusion on the NDP characteristics that do not have a p-value higher than 10%.  
The third consideration derives from the need to stress the importance of the ヴWゲW;ヴIｴWヴげゲ role in the 
techno-socio-economic explanation of the actual relevance of the NDP characteristics that emerge from 
the statistical analysis.  
Some NDP characteristics that emerge from the application of the statistical tests, are particularly 
interesting food for thoughts. For example, デｴW NDP Iｴ;ヴ;IデWヴｷゲデｷI さデｴWヴW ｷゲ ; IﾗﾏヮﾉW┝ ;ﾐS ﾏ┌ﾉデｷ-layered 
ｪﾗ┗Wヴﾐ;ﾐIWざ Iﾗ┌ﾉS デヴｷｪｪWヴ デｴW デｴﾗ┌ｪｴデ デｴ;デ ; IﾗﾏヮﾉW┝ ｪﾗ┗Wヴﾐ;ﾐIW ゲ┞ゲデWﾏ Iﾗ┌ﾉS ゲ┌ヮヮﾗヴデ デｴW ﾏ;ﾐ;ｪWﾏWﾐデ 
of complex projects, e.g. by supporting the NDP progress at different levels (e.g. long-term strategic level 
vs day-to-day operations) and from different perspectives (e.g. from the financial perspective, to the 
project-control perspective, etc.). Conversely, it could be conjectured that a complex governance is 
actually causing cost overruns due to the additional indirect costs. This dilemma can be solved only by 
going back each single NDPs, and deepening the investigation about governance in each one of them.  
Other examples of NDP characteristics that emerged from this analysis and are worth further investigation 
are surely two site-specific NDP characteristics, i.e. デｴW a;Iデ デｴ;デ さデｴW NDP Iﾗﾐゲｷゲデゲ ﾗa ; ｪヴﾗ┌ヮ ﾗa a;IｷﾉｷデｷWゲざ 
and that さデｴWヴW ｷゲ ; ILW ゲデﾗヴ;ｪW ;┗;ｷﾉ;HﾉW ｷﾐ デｴW Iﾗ┌ﾐデヴ┞ ;ﾐS ﾗﾐ ゲｷデWざく IﾐSWWSが デｴW aｷヴゲデ ﾗﾐW I;ﾐ デヴｷｪｪWヴ デｴW 
thought that if there is more than one reactor to decommission on site, lessons learned from the first one 
can be transferred to the second one, and the possibility to re-employ the same team can be a 
considerable advantage; the second one can suggest to check the interdependencies between waste 
management operations and decommissioning before undertaking (or progressing with) the NDP. 
“ｷﾏｷﾉ;ヴﾉ┞が デｴW ﾐWWS デﾗ ｴ;┗W ゲ┌aaｷIｷWﾐデ ゲヮ;IW ﾗﾐ ゲｷデW ふ; さH┌aaWヴ ┣ﾗﾐWざぶ aﾗヴ デｴW SWIﾗﾏﾏｷゲゲｷﾗﾐｷﾐｪ ;ﾐS ┘;ゲデW 
management activities is envisaged to be further analysed, both in light of previous research (Invernizzi 
et al. 2017), and because it was particularly stressed during the interviews. One interviewee, for instance, 
W┝ヮﾉ;ｷﾐWSぎ さIn Fountain-aux-Rose [NDP, in France], the site is so small! Inside the city! It is a huge struggle 
for them bWI;┌ゲW デｴW┞ Sﾗﾐげデ ｴ;┗W Wﾐﾗ┌ｪｴ ヴﾗﾗﾏ デﾗ ﾏ;ﾆW ; ﾐW┘ H┌ｷﾉSｷﾐｪが デﾗ ﾏ;ﾆW an interim storage for 
wasteぐ so they have to create special access to remove directly waste, as soon as the waste is packed, 
they send it!ざく 
AﾐﾗデｴWヴ ｷﾐデWヴ┗ｷW┘WW ;ﾉゲﾗ ヮヴﾗ┗ｷSWS ;ﾐ WﾏヮｷヴｷI;ﾉ W┝;ﾏヮﾉWぎ さIn Jose Cabrera [NDP, in Spain], cooling towers 
┘Wﾐデ Sﾗ┘ﾐぐ ﾗﾐW W;Iｴ S;┞ぁ TｴW┞ ｴ;S been built in the 90ies, they were not concrete-based and they have 
been dismantled one by one, one day after the other. The objective of their demolition was to create more 
space on site! Only a little amount of the material from the demolition has been re-used. And the scrap 
metal was sent to a melting faciﾉｷデ┞くざ  
This suggests the need to plan for decommissioning, even before the start of the construction of a nuclear 
facility.  
 
NDPs characteristics that show an association 
with the NDP performance 
p-values lower than 10%  
with Fisher’s Exact Test 
p-values lower than 10%  

















































s The NDP is in the UK  4.47% 4.89%   2.68% 2.47%   
The NDP is in France      6.87%   
The country scores a corruption perception 
index > 80 
8.36%    4.95% 5.50%   
The legal timeframe for review of 
decommissioning plans is less 2 years 
5.23% 8.20%   2.71% 4.14%   
There is a complex and multi-layered 
governance 
4.81% 8.36%   2.68% 4.28%   
There is a separate external funding  5.95%   8.02% 3.56%   
There is a regulated and separate internal 
fund of the NPP operator, with some 
protection against insolvency of the 
operator  
     6.87%   



















The facility started construction before 
1960 
1.27% 0.61%   0.54% 0.21%   
Stable funding is guaranteed until the end 
of the NDP 
    8.9%    
The NDP consists of a group of facilities 
(i.e. more than one reactor on site has to be 
decommissioned) 
3.72%    2.67% 6.87%   
The facility has a net capacity higher than 
200MW but lower than 600 MW 
 4.96%    2.46%   
The facility has a net capacity higher than 
1000 MW 
 6.73%   8.0% 2.86%   
There is a ‘buffer zone’ available on site        7.56% 
There is a ILW repository available in the 
country 
4.81% 8.36%   2.68% 3.56%   
There is a ILW storage available in the 
country and on site 
7.13%   8.27% 3.88% 9.79%  8.44% 
There is a HLW storage available on 
country and on site 
      6.33%  





4 Discussion  
This paper investigates the association between project characteristics and project performance in the 
nuclear decommissioning industry through statistical analysis. The originality of this research lays on both 
the methodological approach developed to investigate NDPs (and described in this paper) and on its 
application on NDPs (which has an illustrative purpose). 
In terms of methodological development, compared to previous research, this paper implements the 
B;ヴﾐ;ヴSげゲ デWゲデ ;ﾉﾗﾐｪゲｷSW デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ デﾗ ｷﾐ┗Wゲデｷｪ;デW デｴW NDP Iｴ;ヴ;IデWヴｷゲデｷIゲ デｴ;デ ﾏﾗゲデﾉ┞ ｷﾏヮ;Iデ 
on the NDP performance: as the B;ヴﾐ;ヴSげゲ デWゲデ is ﾉWゲゲ IﾗﾐゲWヴ┗;デｷ┗W デｴ;ﾐ デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデが デｴW ヮ-
values derived with Barnard are lower than the ones derived from the implementation of Fisher. This was 
anticipated by MIDﾗﾐ;ﾉSげゲ IﾗﾏﾏWﾐデが who suggests to use デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ デﾗ ;┗ﾗｷS IヴｷデｷIゲ ヴWgarding 
the deliberate choice to use less conservative tests (McDonald 2014). TｴW B;ヴﾐ;ヴSげゲ test is an 
unconditional test that is suitable to test the association of categorical variables as it is more powerful 
than other tests (Ruxton & Neuhäuser 2010). Therefore, in order to provide the reader with the most 
complete and transparent set of results, p-values lower than 10% resulting from the implementation of 
both tests are presented.  
Moreover, the NDP performance in terms of cost overruns has been operationalized following the 
literature using three different thresholds, i.e. 0%, 10%, 25% and 50% of cost overruns, because there is 
no さ┌ﾐｷ┗Wヴゲ;ﾉざ agreement in the literature regarding which percentage of over budget can actually be 
IﾗﾐゲｷSWヴWS ; さIﾗゲデ ﾗ┗Wヴヴ┌ﾐざ ふWくｪ. 10% according to (Brookes & Locatelli 2015), 25% according to (Merrow 
2011), etc.). Also, different threshold-percentages were considered to suggest that larger thresholds 
should be used to capture the presence of greater uncertainties regarding the initial and final estimates 
at completion. IﾐSWWSが さthe determination of an accurate cost overrun can only be made by excluding cost 
increases during project elaboration. These are costs that occur between the initial budget established at 
definition phase and the final approved budget before work commences. Such costs should be regarded 
as part of the project initiation process prior to establishing final budgetざ (Olaniran et al. 2016, p. 128). 
Additionally, the NDP characteristics have been operationalized not only using secondary data, but also 
using primary data from semi-structured interviews, which can be used to update the information 
previously collected and to さﾏ;ﾆW W┝ヮﾉｷIｷデざ デｴW デ;Iｷデ ﾆﾐﾗ┘ﾉWSｪW ﾗa W┝ヮWヴｷWﾐIWS ヮヴ;IデｷデｷﾗﾐWヴゲく Indeed, the 
information collected through the semi-structured interviews has been firstly analysed through 
qualitative content analysis (Hsieh & Shannon 2005), used to complement the information from the 
literature, and then operationalized (when possible) into binary, categorical variables, so that the selected 
statistical tests can be applied. 
Concerning the operationalization of the NDP characteristics, however, it is important to highlight that, 
even complementing the literature with information from semi-structured interviews, not all the NDP 
characteristics listed in Table 3 could be operationalized for all the 24 NDPs. More specifically: 
 さTｴW ﾉWｪ;ﾉ デｷﾏWaヴ;ﾏW aﾗヴ ヴW┗ｷW┘ ﾗa SWIﾗﾏﾏｷゲゲｷﾗﾐｷﾐｪ ヮﾉ;ﾐゲ ｷゲ ﾉWゲゲ than ヲ ┞W;ヴゲざ ｴ;ゲ HWWﾐ 
operationalized for 22 NDPs; 
 さTｴWヴW ｷゲ ; ILW ゲデﾗヴ;ｪW ;┗;ｷﾉ;HﾉW ｷﾐ デｴW Iﾗ┌ﾐデヴ┞ ;ﾐS ﾗﾐ ゲｷデWざ ｴ;ゲ HWWﾐ ﾗヮWヴ;デｷﾗﾐ;ﾉｷ┣WS aﾗヴ ヲヱ 
NDPs; 
 さTｴWヴW ｷゲ ; HLW ゲデﾗヴ;ｪW ;┗;ｷﾉ;HﾉW ﾗﾐ Iﾗ┌ﾐデヴ┞ ;ﾐS ﾗﾐ ゲｷデWざ ｴ;ゲ HWWﾐ ﾗヮWヴ;デｷﾗﾐ;ﾉｷ┣WS aﾗヴ ヱΑ NDPゲく  
This is due to either a lack of information in the references used to operationalized the NDP characteristics 
and/or is caused by the situation where, in the absence of recent and reliable, publically available 
documents, even the answer of the interviewee(s) was still too vague to guarantee a transparent 
operationalization of the NDP characteristic for the specific NDP under scrutiny. For example, the NDP 
Iｴ;ヴ;IデWヴｷゲデｷIゲ さデｴWヴW ｷゲ ; ILW ゲデﾗヴ;ｪW ;┗;ｷﾉ;HﾉW ｷﾐ デｴW Iﾗ┌ﾐデヴ┞ ;ﾐS ﾗﾐ ゲｷデWざ received firstly a positive 
answer that was disproved soon after, when the interviewee specified that the ILW storage was currently 
under construction, while in this investigation, the focus was put only on already operational facilities (as 
specified during the interviews).  
The possibility to operationalize each NDP characteristics only for some of the 24 NDP obviously affected 
some NDP characteristics more than others, and further research could tackle this limitation by 
systematically collecting new, updated information that will be available in the future, as NDPs progress. 
However, even without having operationalized 24 NDPs, p-values lower than 10% for the abovementioned 
NDP characteristics were reached.  
In terms of practical implication, this paper suggests a way to investigate the project characteristics that 
impact on the project performance in a systematic way. Therefore, the statistical tests presented in this 
paper could be re-applied to other contexts (e.g. Oil and Gas decommissioning) and provide new, 
fascinating insights.  
Lastly, as often happens, collecting data through interviews provides a large amount of unexpected and 
relevant information, which were not possible to operationalize into binary variables. For instance, among 
others, two of the site-specific NDP characteristics raised the interested of the researchers as particularly 
stressed by some interviewees. These were: (i) the removal of a layer of contaminated concrete to dispose 
of the remaining concrete as conventional waste, and (ii) back-filling the voids created on site with non-
contaminated material from the demolition were discussed. The activity of removing contaminated 
concrete to dispose of the remaining concrete as conventional waste received mixed answers, while back-
filling was judged positively by most of the interviewees. Indeed, although the removal of a layer of 
concrete is envisaged as a way to reduce the waste volume and therefore ultimately reduce the costs of 
waste storage and disposal, it was judged by more than one interviewee not to be as efficient as expected. 
Back filling, on the other hand, can both reduce the amount of material to be transported off-site and the 
amount of material that is needed on-site to fill the voids left after the removal of underground structures, 
and was therefore seen positively by the interviewees. 
Removal of contaminated concrete and back-filling, however, are just two of the characteristics that were 
particularly stressed during the interviews. Therefore, a follow-up work consists in the systematic analysis 
of the qualitative information collected during the interviews.  
 
  
5 Limitations and Scope for Future Developments 
 
Despite marking a major step towards the rigorous investigation of decommissioning projects, this paper 
has four main limitations. The first one that affects this study is the quality of the cost data. Indeed, cost 
data have been collected from publicly available sources and often only a limited explanation regarding 
the assumptions underlying the calculation of these cost data is available: for example, the NDP estimates 
at completion refer to different stages of the NDP development (an information which is rarely specified 
in publically-available documents), and there is very limited knowledge about how cost escalation is taken 
into account and how contingencies have been calculated. Moreover, in this paper, for the calculation of 
the cost overruns, the consumer price index has been used to account for inflation, even if this index is a 
さヮ;ヴデｷI┌ﾉ;ヴﾉ┞ ヮﾗﾗヴ IｴﾗｷIWざ (Hollman 2016, p.68), e.g. compared to other indices (such as the chemical 
engineering plant cost index (Hollman 2016, p.68-69)). Indeed, many indices exist (e.g. commodity indices, 
labour price and economic indices (Hollmann & Dysert 2007, p.3)). However, due to the unavailability of 
decommissioning-related indices, the authors preferred to avoid to add further assumptions and 
complexity on poor-quality input data, and strongly suggest future research on this topic.  
Indeed, the aim of this paper is to present an approach to test the association between the NDP 
characteristics and the NDP performance, and presents its implementation with the available data with a 
purely illustrative purpose.   
Greater understanding of the specific assumptions underlying cost data could be a development of this 
research, including the specifications of the items that are included in the estimates, boundary conditions 
and limitations, decommissioning strategy description, end point state, changes in the regulations and 
technologies (Varley & Rush 2011), through the descritpion of how uncertainties in the cost estimating 
process are addressed (Torp & Klakegg 2016), how currency (Love et al. 2005) and escalation are taken 
into account (ackowledging that it is not driven by practices used companies or project managers 
(Hollmann & Dysert 2007, p.2), and how uncertainties are tackled (IAEA/OCED-NEA 2017).  
The second limitation is that this analysis is bounded to European NDPs. This limitation stems from the 
choice of the authors to limit this research geographically, as both country-specific and site-specific 
physical characteristics are considerably different in non-European contexts. For example, the regulatory 
environment and the number of NPPs that have been built in the US are considerably different than the 
ones in Europe; moreover, the size of the licensed site and the free space available to progress with the 
decommissioning activities (generally bigger in the US than in Europe) are also dissimilar. Additionally, the 
US Nuclear Regulatory Commission (NRC) has specific requirements regarding the funding adequacy, i.e. 
every US NRC licensed NPP has to estimate decommissioning costs every other year and to submit the 
estimates to the US NRC to assure that adequate funding provisions are being made into approved 
decommissioning trust funds. Unregulated NPPs, however, are not required to submit cost estimates 
publicly (LaGuardia 2016). These differences were also stressed during the interviews. For example, one 
interviewee from the UK compared the US regulations to the UK ones and emphasized: さWｴat was found 
to be hugely different, and the Americans were a bit shocked, was [that] our waste arrangement are 
WﾐデｷヴWﾉ┞ SｷaaWヴWﾐデ ｴWヴWぁ WW ┘ﾗヴﾆ ;デ BWゲデ Pヴ;IデｷI;HﾉW MW;ﾐゲ ヮヴｷﾐIｷヮﾉW ぷぐへく Aﾐ W┝;ﾏヮﾉW ﾗa デｴ;デ ┘ﾗ┌ﾉS HWぎ ﾗﾐW 
of their waste strategies for major reprocessing facilities was that there was lots of concrete, [so] they 
would fill the hot cells up with concrete, slice them up in one thousand tons or two thousand tons pieces 
and just place them in the Low Level Waste repositories. And because they added so much concrete to it, 
everything was Low Level Waste. Nﾗ┘が デｴ;デげゲ ┌ﾐ;IIWヮデ;HﾉW ｷﾐ デｴis country! Unless it can be shown デｴ;デ ｷデげゲ 
Low Level W;ゲデW HWaﾗヴW ┞ﾗ┌ ;SS IﾗﾐIヴWデW デﾗ ｷデが ┞ﾗ┌ I;ﾐげデ SｷゲヮﾗゲW ﾗa ｷデ デｴ;デ ┘;┞ぁざく  Future analysis could 
therefore also consider non-European NDPs and highlight new similarities, differences and potentially 
new lessons to be learned.  
A third limitation of this research is that the results of the statistical tests ﾗﾐﾉ┞ ヮヴﾗ┗ｷSW ;ﾐ さｷﾐSｷI;デｷﾗﾐざ ﾗa 
which NDP characteristics to scrutinize first. This means that no additional conclusion can be derived from 
the p-values, but conversely the low p-values only ヮﾉ;┞ デｴW ヴﾗﾉW ﾗa ; さsieveざ デｴ;デ ヮヴﾗ┗ｷSWゲ ;ﾐ ｷﾐSｷI;デｷﾗﾐ ﾗa 
the first NDP characteristics to look at (to begin with). Indeed, it is important to avoid to be affect by what 
has been called the さｷﾉﾉ┌ゲｷﾗﾐ ﾗa I;┌ゲ;ﾉｷデ┞ざ H┞ (Ahiaga-dagbui et al. 2015, p.866), as finding associations or 
correlations between factors does not necessarily mean that there is a relationship of causality between 
them.  
The fourth limitation is the fact the statistical tests selected in this paper test the association of each single 
NDP characteristics against their performance in terms of cost overruns, without considering what a 
combination of two or more NDP characteristics could show. This latter point could be tackled through 
Qualitative Comparative Analysis (Schneider & Wagemann 2012) in future research.  
Lastly, corrections and/or controlling procedures such as false discovery rate or the familywise error rate 
could also be considered in further development of the statistics used in this paper. Meanwhile, each, 
single NDP characteristics that have been collected and listed in this paper can be scrutinized in-depth 
through single-case study or cross-case study. For example, in light of the results presented in Table 3, a 
cross-comparison of the different governance systems of the Bulgarian, Lithuanian and Slovakian NDPs 
(which are managed through the European Bank for Reconstruction and Development, but through 
different implementing bodies) is envisaged. 
6 Conclusions  
NDPs are a novel class of projects that has emerged in recent years, issuing new challenges to a number 
of different stakeholders, including policy makers, project managers, employees on site, and the local 
community surrounding the NDP. Moreover, the NDP estimates at completion for many of these projects 
keep increasing, and there is a limited research embracing this area. Benchmarking is a way to tackle these 
challenges and understand which NDP characteristics mostly impact on the NDP performance, but it 
needs to be tailored to the case of NDPs. For this reason, a methodology based on benchmarking which 
includes cross-comparison and statistics has been developed specifically for NDP. This paper focuses on 
statistics and presents an approach to investigate the association between the NDP characteristics and 
the NDP performance, through the selection and application of two statistical tests.  
The NDP characteristics that have been tested in the paper have been collected from the literature, 
complemented with empirical information from semi-structured interviews, analysed systematically and 
operationalized into binary variables (when possible). TｴWﾐが デｴW FｷゲｴWヴげゲ W┝;Iデ デWゲデ ;ﾐS デｴW B;ヴﾐ;ヴSげゲ test 
have been applied to test the association between NDP characteristics and NDP performance.  
Results highlight the significance of several country-specific and site-specific characteristics (e.g. 
respectively, the governance system and the availability of facilities to deal with radioactive material on 
site). However, low p-values from statistical tests can only provide a first indication regarding which NDP 
characteristics to look at (to begin with), and it is the researcher that plays a pivotal role in discussing and 
further investigating the NDP characteristics that emerged from the application of statistics. 
It is also necessary to iterate that the aim of this paper is neither to discuss the process of estimating costs, 
nor to propose a new model for costs estimation. This paper examines the relationship between the NDP 
characteristics and the NDP cost performance, applying two statistical tests suitable for small sample sizes 
on 24 NDPs with an illustrative purpose.  However, the decommissioning industry is a growing industry, 
and more and more data and information on NDPs will be generated and collected in the very near future 
and could be fed into this approach, whose results could also ultimately inform project planners and cost 
estimators. Research on how to improve the NDPs performance has only recently started, and it will be a 
long journey, which needs to start with a first step. This research represents the first step towards a better 
selection, planning and delivery of NDPs.   
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Country - Specific NDP Characteristics 
Data Collection Data Analysis 
Comments 





























The NDP is in the UK, France, Spain, Germany, 
Bulgaria, Lithuania, or Slovakia 
No No Yes There is enough public 
information available for the 
operationalization for the 
statistical analysis 
The country scores a corruption index lower than 
60 and/or lower than 80, as scrutinized by 
(Locatelli, Mariani, et al. 2017) 
No No Yes 
The national strategy is “clearly defined” and/or 
did not change in the last 10 years 
Yes No No Even after the interviews, a 
univocal, unambiguous 
operationalization for the 
















New “regulations or “changes” in the regulations 
occurred and affected the NDP (e.g. regulations 
become “more strict”) 
Yes Yes No 
The legal timeframe for review of 
decommissioning plans is less 4 years and/or also 
less than 2 years (as in (OECD/NEA 2010)) 
No No Yes 
There is enough public 
information available for the 






















The Government or the operator has the 
ownership and responsibility to decommission 
Yes No Yes 
There is a complex and multi-layered governance Yes No Yes 
Funding is allocated yearly or until the end of the 
NDP 
Yes Yes Yes 
There is a separate external funding; there is a 
regulated and separate internal fund of the NPP 
operator, with some protection against insolvency 
of the operator; there are internal restricted funds 
by the NPP operator governed by the state; there 
are internal restricted funds by NPP operators (no 
regulation by the state) – operationalized as in 
(Irrek 2016) 









There is an experienced and reliable supply chain Yes No Yes 
Table 4. Country-Specific NDP characteristics   
 
Site – Specific NDP Characteristics 
Data Collection Data Analysis 
Comments 
A: Answer of 
the first, open 
question 
B: Explicit 
question in the 
questionnaire 
Operationalise
















The design of the nuclear facility is a 
Pressurized Water Reactor (PWR), a 
Boiling Water Reactor (BWR), etc., with a 
capacity of less than 200 MW, less than 
600MW, etc. 
No No Yes 
There is enough 
public information 
available for the 
operationalization for 
the statistical analysis The construction of the nuclear facility 
started in the 60ies/70ies/80ies/etc. 




















There are other facilities still operating on 
site while the NDP takes place 
No Yes Yes 
The interviews 
provided the 
information  for the 
operationalization for 
the statistical analysis 
The NDP collects waste from other sites 
and/or other countries 
No Yes Yes 
Incidents/Accidents occurred during 
operations or decommissioning in the 
International Nuclear and Radiological 
Event Scale (INES) 
No Yes No 
This characteristic 







(Unexpected) chemical and physical risks 
are present, e.g. asbestos, sodium, etc. 
Yes No No 
There is a “buffer zone” on site, i.e. there is 
enough space available for the 
decommissioning activities 
No Yes Yes 
The interviews 
provided the 
information  for the 
operationalization for 
the statistical analysis 
LLW, ILW, HLW storage facilities and/or 
repositories are available in the country 
and/or on site 
Yes Yes Yes 
Spent fuel is reprocessed in the country 
and/or on site 
No Yes Yes 
Table 5. Site-Specific NDP characteristics 
Management-Related NDP 
Characteristics: 







question in the 
questionnaire 
Operationalized 
for the statistical 
analysis 
The scope of the NDP is “clearly defined” Yes Yes No 
Even after the interviews, 
a univocal, unambiguous 
operationalization is 
extremely challenging. 
The scope includes buildings remaining and/or 
includes the reuse of buildings for nuclear and non-
nuclear purposes 
Yes Yes Yes The interviews provided 
the information for the 
operationalization for the 
statistical analysis Planning started before the shutdown of the 
facilities 
Yes Yes Yes 
Management tools like the Earned Value 
Management (EVM) are used to measure and report 
performance 
No Yes No 
Even after the interviews, 
a univocal, unambiguous 
operationalization is 
extremely challenging. 
The NDP benefits from a knowledge management 
system to exchange information on site/in the 
country/globally and/or international organizations 
are supporting the NDP with publications and/or 
consultations and/or financially 
Yes Yes No 
Incentives are allocated on key milestones, when the 
actual performance meet and/or exceed the expected 
performance and/or are allocated to single 
employees 
Yes Yes No 
Even after the interviews, 
an univocal, unambiguous 
operationalization is 
extremely challenging, and 
it was not possible to 
collect enough reliable 
information on SPE/SPVs 
There is an Special Purpose Vehicle/Special Purpose 
Entity (SPV/SPE) involved in the contracting 
agreements 
No Yes No 
Pilot projects and/or mock-ups are used on-site 
and/or off-site 
Yes Yes No 
Even after the interviews, 
a univocal, unambiguous 
operationalization is 
extremely challenging. 
Technologies that are new on site/in the countries 
have been/are used 
No Yes No 
Extensive characterization is planned and performed 
and/or resulted to be accurate 
Yes Yes No 
Waste routes are “clearly defined” and the interface 
between the “decommissioning organization” and 
the “waste management organization” is “well-
managed” 
Yes No No 
This characteristic 
emerged from the 




Activities to reduce waste, such as stripping of 
concrete/back filling/segmentation in situ/etc. are 
planned/performed 
No Yes No 
Even after the interviews, 
a univocal, unambiguous 
operationalization is 
extremely challenging. 
The NDP social culture needs to change during the 
transition from operation to decommissioning, as 
decommissioning is considered to be never ending; 
External project managers/consultants are employed 
to foster the “change of culture”; Employees are 
retrained for subsequent relocation/compensated, 
e.g. through a severance agreement; The local 
community is strongly dependent on the activities 
carried on; The local community has been/is 
engaged early and timely and no protest arose that 
caused delays; The authorities and the 
environmental agencies been engaged early and 
timely and no delays occurred; etc. 
Yes Yes No 
These characteristics have 
been discussed in 
(Invernizzi et al. 2017b) 
Table 6. Management-Related NDP characteristics 
